We study experimentally the influence of temperature on the emission characteristics of quantum dotmicropillars in the strong coupling regime of cavity quantum electrodynamics (cQED). In particular, we investigate its impact on the vacuum Rabi splitting (VRS) and we address the important question of the temperature stability of the coherent coupling regime in a semiconductor system, which is relevant in view of both fundamental study and future applications. To study the temperature dependence we investigate an unprecedentedly large number of strong coupling cases (89) in a wide temperature range from 10 up to 50 K, which constitutes a good basis for statistical analysis. The experiment indicates a statistically significant increase of the VRS with temperature in contrast to an expected decrease of the VRS due to the dephasing induced by acoustic phonons. From the theoretical point of view, the phonon-induced renormalization of the VRS is calculated using a real-time path-integral approach for strongly confined quantum dots (QDs), which allows for a numerical exact treatment of the coupling between the QD and a continuum of longitudinal acoustic phonons. The absence of the expected decrease of the VRS with temperature in our experimental data can be attributed to a unique optical property of laterally extended In 0.4 Ga 0.6 As QDs used in this study. Their electronic structure facilitates an effective temperature-driven increase of the oscillator strength of the excitonic state by up to 40% in the given temperature range. This leads to enhanced light-matter interaction and overcompensates the phonon-related decrease of the VRS. The observed persistence of strong coupling in the presence of phonon-induced decoherence demonstrates the appealing possibility to counteract detrimental phonon effects in the cQED regime via engineering the electronic structure of QDs.
We study experimentally the influence of temperature on the emission characteristics of quantum dotmicropillars in the strong coupling regime of cavity quantum electrodynamics (cQED). In particular, we investigate its impact on the vacuum Rabi splitting (VRS) and we address the important question of the temperature stability of the coherent coupling regime in a semiconductor system, which is relevant in view of both fundamental study and future applications. To study the temperature dependence we investigate an unprecedentedly large number of strong coupling cases (89) in a wide temperature range from 10 up to 50 K, which constitutes a good basis for statistical analysis. The experiment indicates a statistically significant increase of the VRS with temperature in contrast to an expected decrease of the VRS due to the dephasing induced by acoustic phonons. From the theoretical point of view, the phonon-induced renormalization of the VRS is calculated using a real-time path-integral approach for strongly confined quantum dots (QDs), which allows for a numerical exact treatment of the coupling between the QD and a continuum of longitudinal acoustic phonons. The absence of the expected decrease of the VRS with temperature in our experimental data can be attributed to a unique optical property of laterally extended In 0.4 Ga 0. 6 As QDs used in this study. Their electronic structure facilitates an effective temperature-driven increase of the oscillator strength of the excitonic state by up to 40% in the given temperature range. This leads to enhanced light-matter interaction and overcompensates the phonon-related decrease of the VRS. The observed persistence of strong coupling in the presence of phonon-induced decoherence demonstrates the appealing possibility to counteract detrimental phonon effects in the cQED regime via engineering the electronic structure of QDs. 
I. INTRODUCTION
The first experimental observations of strong coupling between a single exciton (X) and a single photon realized in semiconductor microcavities [1, 2] have triggered enormous research activities in the important field of cavity quantum electrodynamics (cQED). The huge interest in quantum dot (QD)-microcavity systems is motivated by their relevance in both the study on fundamental aspects of quantum optics [3] as well as possible applications in quantum technology. The strong coupling regime is of particular interest because it could pave the way for the implementation of quantum networks [4] or quantum computation schemes [5, 6] , and to couple its building blocks via flying qubits. In order to implement such complex systems relying on the strong coupling regime, it is crucial that the light-matter interaction rate exceeds dissipative loss rates, which puts stringent requirements on the device technology. At low temperatures cavity photon losses are still the main source of dissipation, despite the significant optimization of fabrication techniques which has led to a strong increase of the quality (Q) factors of microand nanocavities [7, 8] . The situation can change significantly * anna.musial@physik.tu-berlin.de at elevated temperatures when phonon-related dissipation sets in, which is of particular importance for possible applications. In fact, a strong influence of phonons on cQED phenomena has been predicted theoretically [9] [10] [11] [12] [13] [14] [15] [16] , but the few existing experimental observations are rather limited [17] [18] [19] .
In this work we focus on investigating the influence of temperature on the vacuum Rabi splitting (VRS) in a strongly coupled QD-microcavity system. The experimental studies have been performed on high-Q low-mode volume micropillar cavities with a single layer of self-assembled In 0.4 Ga 0.6 As QDs as the active medium. Within a statistical approach, 89 strong coupling cases with different resonance temperatures have been studied to establish the temperature dependence of the VRS. It should be noted that the temperature range from 10 to 50 K covered by our investigation of coupled QD-micropillars is by a factor of 4 larger than in a previous study on a single QD-nanocavity system by Ota et al. [17] .
The obtained experimental results were compared and contrasted with a model of the QD-micropillar accounting for the influence of acoustic phonons and photon losses on the VRS in the case of strongly confined QDs. To this end we used a hybrid approach combining a numerically exact microscopic calculation of phonon-related pure dephasing [20] with a phenomenological treatment of the cavity photon losses [21] . We thus present a comprehensive theoretical study on the influence of the properties of both the emitter as well as of the cavity (QD size, cavity Q-factor, and lightmatter coupling constant-g) on the vacuum Rabi splitting renormalization.
The paper is organized as follows: Sec. II introduces the investigated structures and the experimental setup. Section III describes and justifies the applied statistical approach. In Sec. IV the experimental results are presented. Section V addresses theoretically the VRS behavior under influence of acoustic phonons and comprises a comparison with the experimental results. Section VI concludes the paper.
II. EXPERIMENT
The systems under study are QD-micropillar cavities. The planar microcavity consists of a GaAs λ cavity with high reflectivity AlAs/GaAs distributed Bragg reflectors (DBRs)-26 (30) λ/4 pairs on the top (bottom) side, respectively. The micropillars are defined by high-resolution electron beam lithography and patterned by plasma etching of the planar microcavity [7] . In this way high Q-factor (13 000 on average) microcavities with a nominal diameter of 1.8 μm (mode volume: 0.43 μm 3 or 10( λ n ) 3 , where λ is a cavity resonance wavelength in vacuum and n is the effective refractive index of the cavity material), are fabricated. The active medium consists of a single layer of large In 0.4 Ga 0.6 As QDs featuring a more than a factor of 2 higher oscillator strength (OS) if compared to smaller strongly confined QDs in the same material system [1, [22] [23] [24] [25] . To differentiate the QDs investigated here from typical strongly confined QDs we refer to them as "large" QDs. The typical dimensions of these nanostructures are: (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) nm in width, (20-50) nm in length, and (5-7) nm in the vertical direction (including wetting layer). The increase in the lateral size in the strain-based Stranski-Krastanow growth mode was possible due to lowering the strain via decreasing the amount of indium in the InGaAs alloy compound [26] . This has been proven to be a very effective method of enhancing the oscillator strength of QD transitions, leading to the observation of the strong coupling in the single X-single photon regime in QD-micropillar cavities [1] . It turns out that the structures described above are a perfect choice for our statistical study on the temperature influence on VRS in a wide temperature range since up to 50% of the investigated QD-micropillars allow for the observation of strong coupling.
The spectroscopic studies were performed by means of high-resolution microphotoluminescence (μPL) spectroscopy. The QD-micropillars were excited nonresonantly with a frequency doubled Nd:YAG laser at 532 nm operating in continuous wave mode. The measurements were performed in the low excitation regime (typical excitation power: 10 μW), i.e., well below saturation of the QD X, to prevent excitation power-induced dephasing of the excitonic system. The excitation was focused on the chosen micropillar via a long working-distance (20 mm) microscope objective (0.4 numerical aperture) which is simultaneously used for the detection. The spatial resolution of the optical setup is about 3 μm, which enables addressing individual micropillarsthe distance between adjacent micropillars is 10 μm. The sample was mounted in a continuous-flow helium cryostat enabling temperature variation in the range of 5-340 K. The emission was spectrally resolved using a 0.75-m-focal-length spectrometer equipped with a liquid nitrogen-cooled Si-CCD detector providing an overall spectral resolution of about 25 μeV.
III. EXPERIMENTAL METHODOLOGY: STATISTICAL APPROACH
Previous experimental reports on the temperature dependence of the Rabi splitting were restricted to low temperatures below 15 K, very narrow temperature ranges (12 K at most) [17, 19] and standard strongly confined InAs QDs. In the low temperature regime (below 10 K) the dominating effect is the influence of the imbalance between phonon absorption-and emission-assisted processes on off-resonant QD-cavity coupling. Additionally, a monotonic decrease of VRS up to 14.8 K attributed to the phonon-induced reduction of the light-matter coupling strength was observed. Up till now the latter has not been investigated experimentally at higher temperatures. In Ref. [19] the Rabi splitting of a coherently driven QD has been investigated and the decrease of the Mollow-triplet sidebands splitting with increasing temperature was observed and attributed to phonon-induced renormalization of the Rabi splitting. This study was also limited to temperatures below 15 K and without involving cavity effects. Theoretical reports in the high temperature regime predict a decreasing tendency in renormalized VRS as a function of temperature (for 10, 50, and 100 K) in the case of g values typical for coupled QD-microcavity systems and a reversed trend for much larger coupling strength-typical for laser-driven QDs [21] .
Hereby we present an alternative, statistical approach to investigate the influence of the temperature on the emission characteristics of a strongly coupled QD-microcavity system. The comparatively high surface QD density of 10 10 /cm 2 leads to a spectral density of approximately five single QD emission lines per meV near the fundamental cavity mode (CM) of a micropillar with d c = 1.8 μm diameter. For this reason and because of high sample quality, we find on average two Xs per micropillar coupling strongly to the fundamental CM which constitutes a good basis for our statistical approach. We used temperature as a tuning parameter to shift the single QD X emission line into resonance with the fundamental CM [ Fig. 1(a) ]. Therefore, we are limited to QDs with a spectral separation below 1 meV from the CM and are thus probing only a very small subset of the whole QD ensemble which shows an inhomogeneous broadening of 62 meV [26] . As a consequence the investigated QDs are similar in both their vertical size and their In content, which are the crucial factors determining the emission energy. Due to spectral differences in the initial (low-temperature 10 K) separation between the CM and the X transition energy, the resonance conditions are reached for various temperatures. For each QD-micropillar, the vacuum Rabi splitting and the resonance temperature can be determined (we restricted our study to perfect spectral matching, i.e., zero detuning between the energy of the X transition and the CM). Therefore, a comprehensive examination of many strong coupling cases should allow for an observation of the temperature dependence of the VRS. The essential condition for this approach to be successful is that the scattering of the experimental data related to individual differences between the investigated systems is smaller than the temperature influence. We have good evidence that this is the case for the chosen QD-micropillar system, which will be explained further in this section.
Before we discuss our experimental findings, we first introduce all the factors that can lead to the differences in VRS between various QD-micropillar systems at a given temperature (equal resonance temperatures). If the strongly coupled QD microcavity is simply described as a system of two coupled oscillators and the presence of phonon-induced dephasing is not taken into account, the on-resonance splitting between the two modes depends on the light-matter coupling constant g and the cavity-and exciton-related losses described by the respective linewidths γ C and γ X , and is given by [1] 
However, for our present systems the homogeneous (lifetime-limited) broadening of the excitonic line γ X , which at low temperatures is in the range of a few µeV reflecting the relatively short X lifetime of about 350 ps [22, 27] , is negligible in comparison to the cavity linewidth γ C , which is up to two orders of magnitude larger for an average Q factor of 13 000 (Fig. 3 ). In the data post-processing we can restrict ourselves to the pillars exhibiting Q-factors within a specified range to post-select only strong coupling cases in which CM featuring similar γ C are involved, which allows our ensemble to be homogeneous in terms of this loss mechanism. Additionally, the light-matter coupling constant g itself may vary between the different strong coupling cases due to various properties of the QD-micropillar system, which we shall discuss now. The coupling constant depends on both QD and cavity properties:
where f osc is the oscillator strength of the X transition and V m is the CM volume. A possible variation of V m can be neglected as the study is restricted to only one pillar size. A nominal diameter of dc = 1.8 μm has been chosen as optimal for the realization of strong coupling because pillars with this diameter exhibit a maximum Q/d c ratio which is the technological figure of merit for the observation of strong coupling [1] . Due to negligible variations of the mode volume, the light-matter coupling strength is therefore determined by the oscillator strength. In the case of large QDs the oscillator strength is governed mainly by the in-plane size of the QD [28] which, according to structural data, varies in the range of (20-30) nm in width and (20-50) nm in length. This variation results from a local strain at the position where the QD is formed, which is in our case determined by the In concentration. Our previous magneto-optical study [22] on a series of In x Ga 1−x As QD structures showed that increasing the In content from 0.3 to 0.6 leads to a reduction of the mean lateral extension of the wave function from 15 to 7 nm and consequently the OS is also reduced from 50 to 10. This indicates that a significant variation of the In content is needed to affect the OS. Therefore, the question arises how strongly the In concentration varies within the ensemble of QDs under study. For the structures used here the emission energy can be used as an indicator for the In concentration, because it has been shown that a variation of the In content leads to a significant change of the QD transition energy [29] , which can even overcome the influence of the variation in QD height. Most importantly, this means that the OS and light-matter coupling strength is expected to be similar for all studied QDs. Beyond the simple approximation of Eq. (1), different QD-micropillar systems can be subjected to different phononinduced dephasing leading to different renormalization of the VRS at a given temperature. The strength of the Xphonon coupling is typically determined by the size of the smallest extension of the electronic wave function, because this corresponds to the largest contribution of phonon modes in k space [30, 31] . As we discussed above, the relevant QD height distribution is expected to be very narrow and therefore also the phonon effects are expected to be similar for all QDs in the probed ensemble.
So far our analysis was restricted to the case of the QD being perfectly matched to the CM. Deviations from this ideal situation will cause a lowering of the coupling constant which can lead to further differences between the investigated systems. The spectral mismatch (detuning) is not relevant for our discussion, because we limit ourselves to QDs in resonance with the CM. The light-matter coupling is also affected by the dipole direction relative to the electric field as well as by the position of the QD with respect to the center of the cavity, i.e., the distance of the QD to the antinode of the electromagnetic field distribution of the fundamental CM. This is reflected by the formula g ∝ d E, i.e., the light-matter coupling constant is proportional to the dot product between the dipole moment of the QD transition d as well as the electric field E at the emitter location. As far as the linear polarization directions are concerned, we can, within a first approximation, assume that the QD polarization axes are elongated in crystallographic [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and [110] directions due to the preferential elongation of the nanostructures in [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] direction, as proved by structural studies [26] . On the other hand, the polarization of the cavity modes is related to a slight unintentional deviation from the circular cross section which lifts the degeneracy of the two fundamental modes. The nondegenerate modes are linearly polarized perpendicular to each other and tilted on average by 45 deg with respect to the QD elongation direction [7, 32] . Even though distinguished optical axes are present in our system, local strain and piezoelectric field distributions can still lead to deviations from the crystallographic directions described above. The largest deviations observed in the case of self-assembled QDs without rotational symmetry are up to 20
• [33] , which still translates into only 6% variation in the coupling constant. On the other hand, the spatial mismatch between the QD and the CM can vary in a broad range from the QD being located in the very center of the micropillar and at its edge. The maximal coupling constant expected in the investigated micropillars for a QD perfectly matched to the CM equals 56 μeV [1] . The minimal coupling constant relevant in our case is related to the transition to the weak coupling regime. A simple estimation based on Eq. (1) for a typical cavity linewidth of 100 µeV gives g min ≈ γ C 4 ≈ 25 μeV, which translates into a difference of almost 50% in the coupling constant. This brings us to the conclusion that the random spatial mismatch between the QD position and the antinode of the electromagnetic field distribution at the center of the cavity will most probably be the main source for scattering of the measured VRS in our set of experimental data points for a given temperature. Assuming that the QD distribution within the cavity is spatially homogeneous on the scale of the micropillar cross-section area, the distribution of the light-matter coupling constants g for a given temperature is therefore expected to be alike the electric field E radial distribution of the fundamental HE 11 CM described by the Bessel function J [0,r] [34] weighted with the probability of the QD being located at a certain distance from the micropillar center. In the ideal case of an isolated system without any kind of losses, this would also be reflected in a similar distribution of the VRS according to Eq. (1). However, as argued above, imperfect matching of the QD to the CM is not expected to lead to a systematic temperature dependence.
Besides temperature-independent changes of the VRS due to the different properties of the strong coupling cases with the same resonance temperature, the temperature itself influences the physics of a single QD-micropillar system in a way that affects the VRS. For example an increased temperature leads to stronger phonon effects, and it is well known that this implies a distinct decrease of the VRS with rising temperature, which is in sharp contrast to the previously described unsystematic temperature-independent scattering when looking at different strong coupling cases. On the other hand, the maximal VRS for a given temperature should certainly correspond to QDs that are spatially matched to the CM. As a result, looking at the envelope function of the experimental results, i.e., extracting the maximum VRS observed for each temperature, should allow us to extract the temperature-dependent behavior independently of the possible differences between the investigated QD-micropillar systems.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
The proposed statistical approach has been utilized to experimentally study the influence of phonons on the vacuum Rabi splitting. A large and statistically significant number (89) of strong coupling cases from a single sample was experimentally studied by temperature tuning and the respective resonance temperatures were determined based on the energy vs temperature dependence [cf. Fig. 1(a) ]. Each of the strong coupling cases was verified by the observation of the characteristic mode anticrossing in the energy dispersion as well as by crossing in the linewidth dependence on temperature [ Fig. 1(b) ], indicating an exchange in character between the CM and the X and the formation of polaritonic states on resonance. The results of the measurements are summed up in Fig. 2 where the extracted VRS is presented as a function of the resonance temperature. At first glance no clear tendency can be observed due to the scattering of the experimental data, which can be attributed predominantly to the varying QD positions with respect to the maximum of the mode field distribution in the systems under study. For the same reason, the envelope of the measured dependence is not well defined. The simplest least-squares linear fit to the experimental data (solid black line) exhibits a slope of 0.36 μeV/K, but a quantitative statistical analysis is needed to evaluate the significance of this tendency. We performed a standard analysis of variance using a statistical F-test to evaluate the goodness of the fit with the null hypothesis being that there is no tendency in the experimental data (which would be the case if the VRS is constant as a function of the temperature). This would mean that the slope of the linear fit is a result of random scattering of the experimental data. The p value calculated for the experimental data equals 0.049, which means that the probability that the null hypothesis is true is as low as 4.9%. While for strongly confined QDs one would expect a temperature-dependent decrease of the VRS due to the increasing phonon induced dephasing of the system, we find that for the large QDs studied here there is a 95.1% probability that the experimental data shows an increasing trend. To exclude possible variations of the VRS due to different cavity Q factors we employed a post-selection scheme and restricted the data to micropillars with Q factors within one standard deviation of 2 000 from the mean value of 13 000 (Fig. 3) . Such a limited statistics is presented in Fig. 2 (empty symbols). The slope of the linear fit to the experimental data (0.36 μeV/K) does not change in comparison to the full statistics ( Fig. 2 red dashed line) and the probability that the trend is increasing is equal to 90.1%. This supports the hypothesis that there is an additional effect that counteracts the temperature-dependent phonon-induced decrease of the VRS, which was not observed in the case of strongly confined QDs.
Naturally the question arises what physical reason can lead to such an increase of the VRS as a function of temperature, counteracting the phonon influence. The differences between the QD-micropillars can only lead to a substantial scattering of the experimental data for a given temperature as was described in the previous section, but not to an experimentally observed distinct dependence. In particular, one cannot explain the increase of the VRS if all the relevant parameters influencing the splitting are scattering randomly for the different QD micropillars. Thus, to explain the experimentally observed positive trend, we either have to conclude that the commonly expected phonon-induced decrease of the VRS with temperature does not apply to our systems or one of the parameters exhibits a temperature dependence that we did not consider so far. The strength of the phonon coupling depends on the deformation potential constants and the extension of the wave function in the direction of the strongest confinement (the growth direction in our case)-for neither of these parameters has a temperature dependence been reported so far, nor is it expected. Moreover, Eq. (1) indicates that the VRS depends on the losses in the system and the light-matter coupling constant. The properties of the cavity are only slightly affected by the temperature. The length of the cavity changes due to thermal expansion and the refractive index of the cavity material is modified which slightly changes the resonance frequency of the cavity as can be seen in Fig. 1 , but the cavity losses are not temperature dependent. On the other hand, the excitonic losses increase with temperature due to the activation of nonradiative recombination channels as well as increased pure dephasing due to acoustic phonons [35] [36] [37] [38] [39] . The increase of the X homogeneous linewidth translates into a decrease of the second term in Eq. (1) which can indeed result in the increase of the Rabi frequency with temperature. The strength of this effect can be estimated based on the measurements of the temperature-induced changes in the homogeneous linewidth performed for QDs in the same material system [35] . One has to keep in mind that the QDs in this reference paper are smaller than the investigated ones and stronger dephasing is expected for smaller QDs, which means that the estimated effect would be the absolute upper limit for our case. Bayer et al. reported an increase of the homogeneous linewidth from 2 up to 30 μeV at 60 K. Assuming a constant cavity linewidth of 100 μeV typical for our experiments, this would only lead to a change in the VRS below 2%, which is much weaker than the predicted phonon-induced renormalization. As far as the light-matter coupling constant is taken into account, we have to consider the oscillator strength of the X transition and the mode volume [Eq. (2)]. As discussed above, the mode volume is not altered significantly with temperature, but the oscillator strength which is determined by the overlap of the electron and hole wave functions as well as the wave function extension [40] might in principle be temperature dependent. In fact, a previous study on larger QDs in the same material system In 0.3 Ga 0.7 As/GaAs proved that the wave function extension of the state from which the emission takes place can actually undergo changes [29] that can be attributed to a temperature-induced carrier redistribution within the closely spaced electronic sublevels related to possible confining potential fluctuations within large QDs. Similar effects have been observed in the case of quantum dashes [41] featuring an even larger nanostructure volume in the range of 4.5 × 20−30 × 100−150 nm 3 . The strength of this effect can be estimated based on available magneto-optical experimental data [29] . As the QDs in the above reference are larger than the ones investigated in this work, this estimation will constitute an upper limit of the expected changes. The lateral mean wave function extension 2 ρ [29] ) and oscillator strength normalized to its low-temperature value (right axis) determined based on this measurements. The black line represents a square root fit to experimental data for T > 11 K and constant value for T < 11 K.
probed via the diamagnetic coefficient κ according to the relation
where μ is the reduced effective mass of the exciton and e is the elementary charge. This means that the temperature-induced change of the diamagnetic coefficient from (29.6 ± 0.6) to (40.9 ± 1.5) μeV/T 2 (as shown in Fig. 4 for an exemplary single QD-QD1 from Ref. [29] ) corresponds to a change of the lateral wave function extension from (15.7 ± 0.8) to (18.4 ± 2.2) nm. This increase of the wave function extension by a factor of 1.17 in the temperature range from 7 to 35 K (Fig. 4) , translates into a similar increase of the light-matter coupling constant through its square root dependence on the oscillator strength [Eq. (2)]. In the case of an isolated system without losses (γ C = γ X = 0) also the VRS should increase by a factor of 1.17. This effect provides a possible qualitative explanation of the experimentally observed tendency of an increasing VRS as a function of temperature.
V. THEORETICAL RESULTS AND COMPARISON WITH THE EXPERIMENT
In this section the modeling of a strongly coupled QDmicrocavity system is presented and the phonon influence on the coherent dynamics in terms of the VRS is discussed. The QD is modeled as an electronic two-level system consisting of the ground state and an X state, which are resonantly coupled to a single quantized CM making the details of the cavity design and absolute emission energy irrelevant. The Jaynes-Cummings type light-matter interaction preserves the excitation number of the system, which therefore can be restricted to the X state without cavity photons and the QD ground state with a single photon. However, because the Jaynes-Cummings model does not account for cavity losses it has to be extended accordingly, as will be explained further below. Furthermore, we include the coupling of the excitonic system to a continuum of longitudinal (bulk) acoustic phonons via the deformation potential, which is the dominant coupling mechanism in nonpolar materials without permanent dipole moments. We assume the QD confinement potential to be spherically symmetric and adjusted to the expected vertical dimension of the QDs in the sample, which is justified because this is the direction of the strongest confinement of the QD and is therefore responsible for the restriction of the phonon wavelengths, which can effectively couple to the electronic system. Furthermore, we assume electrons and holes being in the harmonic ground state implying Gaussian wave functions. Material specific effective mass differences are included and translate into a fixed ratio between the localization lengths of the electron and hole. Therefore, in this model the spatial extension of the electron wave function, which we refer to as the QD size, is the only parameter determining the strength of the X-phonon coupling besides material parameters, which are the same for all QDs in the sample such as the deformation potential constants, mass density, etc. More details of the described model are given in Ref. [12] . It should be noted that this kind of modeling has been proven to quite accurately describe the dynamics of self-assembled InGaAs/GaAs QDs observed experimentally [42] [43] [44] . To calculate the dynamics of this coupled system we use a previously developed real-time path-integral approach [12, 20] , which is especially suitable, because it allows for treating the carrier-phonon coupling in a numerically exact way. As we pointed out earlier, besides the coupling to phonons, also cavity losses have to be included in the model due to the different Q-factors of the micropillars. However, within the path-integral approach this is very challenging and might not be practical, because of the increased number of paths required when taking into account more states with different photon numbers. Instead, the cavity losses can be described within a hybrid approach proposed in [21] which uses the exact results of the microscopic model of phonon-induced pure dephasing described so far as input parameters for a phenomenological rate model describing the remaining loss channels (cavity losses and radiative decay) within the Lindblad formalism.
The results of our calculations for the phonon-induced renormalization of the VRS are presented in Fig. 5 . It shows the temperature dependence of the VRS for two different values of the light-matter coupling constant of 56 μeV (the maximum value expected in the investigated QD-micropillar ensemble) and 25 μeV (the minimal coupling constant for which the strong coupling regime is maintained) and various QD sizes, respectively. These calculations have been performed without taking photon losses into account. The presented results show that the phonon coupling leads to a strong decrease (down to 50%) of the VRS in the experimentally accessible temperature range of 5-60 K. The decrease is linear for low temperatures (up to 20 K) and followed by sublinear behavior resulting from the subsequent occupation of all phonon states that can effectively couple to the electronic system and an equalization of the probability for phonon emission-and absorptionassisted processes at elevated temperatures. The decrease is stronger for smaller QDs. The light-matter coupling constant slightly changes the slope of the observed dependences, but most importantly it changes the initial (low-temperature) value of the VRS by even more than a factor of 2. This is very important for the comparison with the experiment, because the phonon-free case is not accessible experimentally and the value of the light-matter coupling constant would have a striking effect on the observed dependence and as a result would be the most important source of scattering in the experimental data.
In the next step, another possible difference between individual QD-micropillars, namely the photonic losses described by means of the Q-factor, are included. In Fig. 6 the Q-factor is varied in the experimentally relevant range from 9 000 to 18 000 (Fig. 3) for two extreme values of the light-matter coupling constant (25 and 56 μeV) . For large g, the Q-factor variation introduces a very slight change of the slope of the VRS dependence on temperature, which is more pronounced for larger Q factors. The Q factor also influences the initial value of the VRS and, in the extreme case, i.e., for Q = 9 000, can change it by 25%, which is on a similar scale as the impact of a variation of the coupling constant g. Looking at the low g case, the decrease of the Q-factor can lead to a transition from the strong to the weak coupling regime when the losses overcome the coupling strength and the cavity is not able to store the photon for long enough (indicated by a VRS equal to 0 in Fig. 6 ).
All previous considerations predict a decreasing trend in the VRS dependence on temperature which cannot be clearly seen in the experimental results. However, modeling a possible temperature-induced redistribution of the carriers over several electronic sublevels related to confining potential fluctuations that might lead to higher OS, microscopically is clearly beyond the scope of this work. It cannot simply be included in the path-integral calculations as extending the involved electronic states beyond the two-level system is already very challenging and models with more than four levels have not been addressed so far. However, the effect can be addressed in the calculations in a phenomenological way by considering a temperature dependence of the light-matter coupling constant based on a fit to the experimental data shown in Fig. 4 taken from Ref. [29] . The OS and its dependence on temperature have a complex microscopic origin and cannot be described analytically. In the present case, the f osc (T ) dependence can be described phenomenologically to a good approximation by a square root dependence reproducing well the data in Fig. 4 above 10 K. The associated light-matter coupling constant is calculated according to Eq. (2) assuming that the light-matter coupling constant at low temperature g(T = 7 K) = g max = 56 μeV, where g max is the maximal achievable value estimated for investigated QD-micropillars. For temperatures exceeding 35 K (i.e., beyond the available experimental data) we estimated a lower and upper bound of the f osc (T ) dependence and extracted the relevant g(T) to use it as an input for the calculations of the VRS vs temperature for the two extreme cases. As a lower limit, g is assumed to be constant and equal to the g value for 35 K. This estimation is based on the assumption that the light-matter coupling constant does not increase substantially for T > 35 K, which is supported by the expected saturation of g(T) due to abovementioned QD size limit. An upper limit is obtained by extrapolating the square root fit to the f osc (T ) dependence in Fig. 4 (black solid line) beyond 35 K. In this way the increase of the OS with temperature is likely to be overestimated as the expected saturation is not accounted for because only experimental data points below saturation are extrapolated. The associated VRS calculated for a low temperature coupling constant equal to 56 μeV, a Q-factor of 13 000 and QD sizes of 4.5, 6.0, and 7.5 nm is presented in Fig. 7 . For comparison the red dotted line also shows the simulated temperature dependence of the VRS for a constant value of g for the 4.5-nm-sized QD as it is expected for typical strongly confined QDs. Indeed, in agreement with our experimental observations, the increase of the OS strength overcompensates the temperature-induced decrease of the VRS due to the phonon coupling, yielding a roughly constant value of the VRS. Although for higher temperatures the experimental temperature-dependent light-matter coupling strength is not available in the present experiment (Fig. 4) , it is clear that at some point g will saturate and therefore for very high temperatures the VRS is expected to decrease due to the dominating phonon-induced dephasing. As shown in Fig. 7 the difference between the upper and lower bound of the VRS dependence on temperature for a given QD size is limited to 10% range only. When making a comparison between the calculations and the experimentally observed statistical ensemble data one has to keep in mind that the variations of the light-matter coupling strength that are due to the random positions of the QDs inside the micropillars are not included in the simulations and we therefore have to concentrate on the QDs that are positioned close to the center of the cavity where the coupling strength is maximal, as described previously. To this end we selected the strong coupling cases with a VRS exceeding 80 μeV, which is the minimal VRS that is estimated based on the mode volume and the OS when disregarding all loss channels and assuming perfect spectral and spatial matching of the QD to the cavity mode, and marked them with empty symbols in Fig. 7 . For this subset of the experimental data the VRS is increasing with 55.5% probability. The reduction of the probability for an increasing trend is related to the strong scattering of the experimental data and the reduced number of data points which impairs the significance of the statistics. The envelope of the data points shows a behavior similar to the temperature dependence expected from the theory when the temperature dependence of the light-matter coupling constant is included in the calculations.
The underlying effect of the temperature-induced change of the state coupling most efficiently to the CM towards substates with larger wave function extension is an inherent property of large QDs and makes these systems very exceptional and attractive. Not only does it allow for the realization of the strong coupling regime on the single X-single photon level, but also forces back phonon-induced decoherence by compensating their detrimental influence. This effect has been experimentally observed in a solid state system and can pave the way for applications of strongly coupled systems at elevated temperatures.
VI. SUMMARY
We have studied, both theoretically and experimentally, the temperature dependence of the vacuum Rabi splitting. A statistical approach, enabled by the superb sample technology, has been utilized. It allowed for a temperature-dependent study on 89 strongly coupled QD-micropillars in a wide temperature range of (10-50) K. Our experimental results indicate an increase of the vacuum Rabi splitting with temperature. While for strongly confined QDs a decrease of the VRS with temperature due to the dephasing induced by acoustic phonons is expected, the large QDs studied here show a temperature-dependent light-matter coupling strength which seems to overcompensate the phonon effects in the intermediate temperature range. The strong influence of the wave function localization length in the growth direction, the light-matter coupling constant, and the cavity losses on the initial (low-temperature) value of the VRS as well as its renormalization have been addressed theoretically. The positive temperature coefficient of the VRS is an inherent and unique feature of large QDs, which has been proven to maintain the strong coupling in QD-micropillars up to temperatures as high as 50 K. This shows that complex electronic structures, like the large QDs discussed here, combining two-level system behavior with additional properties, can be very advantageous for cQED and possible applications in quantum information technology.
